This paper presents detailed assessment of the behaviour of STATCOM based on modular multilevel converter during steady-state and transient operation. The steady-state performance of the presented STATCOM is examined when it provides autonomous voltage regulation across number of switch loads. Its transient response is examined by subjecting the test system where STATCOM is connected to symmetrical and asymmetrical ac network faults. In this work, STATCOM power circuit is modelled using detailed switch model of modular converter with 16 cells per arm, including capacitor voltage balancing strategy, and control systems are represented detail (dc and ac voltage regulars, and current controller). Simulations conducted in MatlabSimulink enlivenment are used to assess the STATCOM performance.
Introduction
Increased focus on exploitations of renewable energy resources for electricity generations worldwide may lead to significant changes to the way the power systems operate and respond to network disturbances. These changes may be exacerbated in the power system networks with high penetration of non-dispatchable renewable power generations and reduced level of conventional generations, as such network experience continuously active and reactive power mismatch due to the intermittent nature of renewable energy resources such as wind and solar. These may cause increased risk of frequency and voltage instability and other power quality issues such as flickers and voltage swell.
Flexible AC transmission systems (FACTS) devices can be used to improve active and reactive power flow in the ac networks in order to increase utilization of existing ac lines, assist renewable power generations to comply with the grid codes, and address of the power quality issues aforementioned [1] [2] [3] .
Despite the voltage source converter based FACTS devices are superior to that based line commutated thyristor in terms of performance and dynamic response their used remain limited in today AC power systems [4] [5] [6] . This is due to increased concerns regarding their reliability during harsh grid conditions and losses they may introduced. Recent increases in the power rating of renewable power plants necessitate the use of large FACTS devices that are applicable to high-voltage and capable of withstanding different ac network disturbances. Adoption of voltage source multilevel converters in FACTS devices increase their operating voltage and power rating to the level comparative to that based on thyristor. They offer additional benefits to ac networks such as dynamic voltage/or reactive power support for large onshore/or offshore wind farms, and reduced harmonic emission [6, 7] . The use of pulse with modulation allows the FACTS devices based voltage source converter to mitigate flickers and actively attenuate low order harmonics existing in the ac networks, and they can be combined with battery storage systems to provide load levelling, frequency support and synthetic inertia to ac networks. At the present voltage source modular multilevel converter is adopted to FACTS devices [1, 5, [8] [9] [10] [11] . However, its power circuit and control systems complexity raises many concerns regarding its ability to withstand network faults.
In attempt to address some of these concerns regarding the reliability of the modular converter, this paper chooses a static synchronous compensator (STATCOM) based on 17-level modular converter as an example of modern high-voltage high-power FACTS devices, to investigates its dynamic performance and transient response during ac network faults. In this investigation, a detailed model of STATCOM based on modular multilevel converter with 16 cells per arms will be used, with all controllers are incorporated. The test system in Fig. 1 , where a STATCOM is attached at the middle of the line connecting two ac networks will be used to demonstrate its ability to withstand ac network disturbance. 
Modular multilevel converter

Simulations
To demonstrate the viability of the modular multilevel converter STATCOM in high-voltage power systems, the test system in Fig. 1b is simulated in the Matlab-Simulink environment, with parameters given in section 3. Fig. 2 shows the results obtained when three loads of (40+j30)MVA are connected at times t=1s, t=2s and t=3.5s. Fig. 2a shows the line voltage at the converter terminal (before the converter transformer). It can be observed that the modular multilevel converter produces high quality sinusoidal line voltages with extremely low dv/dt and low harmonic content presented to the converter transformer. This results shows that no ac filter is necessary at connection point as transformer leakage inductances are sufficient to attenuate switching frequency components in the converter output voltage (this may reduce STATCOM footprint). Low dv/dt, as demonstrated in Fig. 2a , eliminates the need for a converter transformer with high insulation, which reduces STATCOM cost. Fig. 2b shows the voltage waveforms across the switch loads at point of common coupling. Fig. 2c shows the current waveforms the STATCOM injects into ac network at the point of common coupling. Figs. 2b and 2c demonstrate the ability of the presented solution to comply with any harmonic requirements without additional cost or need to increase converter switching frequency. Figs. 2d and 2e show the voltage magnitude across the switch load, and active and reactive power STATCOM exchanges with the ac network. The STATCOM maintains the voltage across the switch load at 1.0 pu (400kV) by adjusting its reactive power exchange with the ac network. The red dash line in Fig. 2e shows the active power STATCOM absorbs to maintain its dc link voltage and compensates for its losses, which are minimal. This power may increase slightly if a full converter loss model were to be included in the simulation. Waveforms in Fig. 2f show STATCOM arm current contain some even harmonics, but no dc offset as that in real power applications, such as that in HVDC transmission systems. This means in such applications STATCOM based on modular converter may exhibit low conversion losses. The voltage balance of the STATCOM cell capacitors is maintained at 300kV/16 (18.75kV) as its reactive power exchange with the grid varies. This means the voltage stresses across converter switches are maintained under controlled.
To demonstrate the resiliency of the modular multilevel converter based STATCOM to ac network faults, the test network in Fig. 1b is subjected to symmetrical and asymmetrical faults at point of common coupling, with 140ms fault duration. Fig. 3 Fig. 3e shows the cell capacitor voltages are maintained under control despite the voltage dip at the STATCOM ac side; this also demonstrates that there is no risk of devices failure due to increased voltage stresses.
The case for asymmetrical faults is presented in Fig. 4 , when the network in 
Conclusions
This paper investigated the steady-state and transient response of the static synchronous shunt compensator based on modular multilevel converter when connected to transmission level. It has been shown that the use of modular converter based STATCOM may be beneficial from both system and device point of view in terms resiliency to ac network faults; the use of distributed capacitors instead of common dc link capacitor eliminates the risk of dc side fault. absence of dc offsets in converter arm currents may reduce STATCOM conversion losses; and suitable for transformer and transformerless applications.
